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Charged dust widely exists on the surface of the moon, which is considered to be closely related with
many natural phenomena. China’s Chang’E-5 lunar mission plans to monitor the charged characteristics
of electrostatically levitated dust on the lunar surface in an economical and effective way. The designed
detector consists of two probes, the reference probe and the measuring probe. Each single probe consists
of two grids and a sticky quartz crystal microbalance. The sensitivity coefficient of measuring probe is
Sw=(8.002+0.510)x 10~°g/Hz-cm?, and that of reference probe is Sg=(9.137+0.369)x 10~° g/Hz.cm? under
the test. By comparing the measurement results of two sets of probes, the mass proportion of dust with
different charge/mass ratio of suspended lunar dust can be obtained. These results measured on the
lunar surface would be helpful for analyzing the levitation mechanisms and motion characteristics of

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Dust is the main components of the cosmos, which contains
abundant information about the evolution of the universe [1]. In
solar system, dust widely exists in interstellar space and surface
of planets. These dust particles are often charged, due to solar UV
radiation, plasma, and other factors. Among them, the charged dust
on the moon surface attracts the most attention of researchers. On
the one hand, it may be closely related to many natural phenom-
ena, and it is widely known as Horizon glow= it is believed that the
charged dust particles scattered the sunlight when it ejected by the
electrostatic field on lunar surface; on the other hand, the charged
dust particles will have stronger adhesion force, which may pose a
more serious threat to lunar probes [2].

Since the Project Apollo, human beings have been exploring
lunar dust diligently. For example, the LEAM probe carried by
Apollo 17 mission used thin plastic films and grids to jointly detect
the mass and velocity of lunar particles which entered the probe
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[3].In 2013, another NASA'’s spacecraft, lunar atmosphere and dust
environment Explorer (LADEE), launched Lunar Dust experiment
(LDEX) [4], which used collision ionization method to detect dust
particles in the outer atmosphere of the Moon. In the same year,
China’s Chang’ E-3 (CE-3) used a solar cell probe (SCP) and a Sticky
Quartz Crystal Microbalance (SQCM) to detect dust accumulation
in landing site caused by both anthropogenic and natural factors
[5-7].

These explorations bring insight into a further understanding for
human beings to solve the mystery of lunar dust [8]. Researchers
established several types of models to describe the transport char-
acteristics of lunar dust [9-13]. However, as many studies have
pointed out, there are still many controversies about the lunar dust
even such exploration that had been carried out in history [14].
Currently, many organizations have carried out their lunar dust
exploration program, such as Luna glob PML detection experiment
of Russia [15], SELMA of ESA [16].

This paper mainly describes the design and working principle of
the detector of charged lunar dust(DCLD), which will be carried on
China’s Chang’E-5(CE-5) mission. CE-5 was scheduled to launch at
the end of 2020. Its main task is to collect lunar samples and return
to Earth. The DCLD equipment is one of the engineering parameters
measurement payloads, and it will be installed on the top of CE-5
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lander at a height of 2.0 m. It will start working after the completion
of the CE-5 sampling and returning mission, and will work for a
certain period for measuring the charged characteristics of lunar
dust in the natural environment of the moon.

2. General design
2.1. System generalization

As we know, under the action of Coulomb force and gravity,
the lunar dust particles are leaping up from and falling back to
the Moon’s surface. In this process, the charge-mass ratio of the
dust particles plays a critical role, and it contains lot information
about the lunar surface electrostatic field and plasma environment.
Itis also an important parameter for developing lunar dust removal
technology, such as the electro-dynamic screen (EDS) technology.
Therefore, it is necessary to measure the natural charge-mass ratio
of lunar dust.

The DCLD is mainly used to detect the charged characteristics
and to obtain the distribution of charge-mass ratio of naturally sus-
pended lunar dust in the daytime. Due to engineering limitations,
the Chang’E-5 DCLD needs to achieve high sensitivity measurement
of charged lunar dust, and it must be light weight (<0.5 kg) and low
power consumption(<5W).

For the charged characteristics of slow-moving dust particles
detecting, the most common method is to use a Faraday Cup, which
has been used in scientific research for 40 years at least, such as in
the sand research, the smog investigation and also in the space sci-
ence field [17-22]. To measure the charge mass ratio of dust using
a Faraday Cup always need an Electrometer and a high accuracy
Electronic Balance. Therefore, it is difficult to develop for space
application. Another instrument named Electrostatic Lunar Dust
Analyzer (ELDA) based on the combination of a Dust Trajectory Sen-
sor (DTS) with an electrostatic deflection could provide the charge,
velocity and mass of particles [23]. However, the system of ELDA is
quite complicated, and its size is a little large for Chang’E-5 mission.

In Chang’E-3 mission, SQCM had been used to measure the accu-
mulation of lunar dust [6]. SQCM is a resonant micro-sensor with
high sensitivity, low weight and low power consumption measure-
ment. It has been used to measure Martian dust in Mars exploration
[24] and been considered to be used to measure comet Rosetta dust
[25]. In Chang’E-5 mission, we still use SQCM as a means to mea-
sure the accumulated mass of tiny dust particles. The difference is
that, we install two grids, like a Retarding Potential Analyzer (RPA)
above the SQCM as a sensor to obtain the charged information of
dust particles, and we use two sets of structure (RPA + SQCM) to
measure the charge-mass ratio of lunar dust (Schematic design of
the DCLD been shown in Fig. 1).

As shown in the schematic, there are two sets of RPA + SQCM in
DCLD. The measuring probe is on the left, and the reference probe
is on the other side in Fig.1. The structures of the two sets of probe
are the same as each other, but a voltage will be applied in the
measuring probe grids (RPA-M). The electrostatic field will prevent
the dust with specific charge to pass through the grids. To compare
the two probes measure results, and combine the swept voltage,
we can get the distribution of the lunar dust with specific charge
ratio.

2.2. RPA

The RPA is one of traditional plasma diagnostic tools, and it
can be used to measure the density, temperature, composition and
moving speed of ions. It has been used for 60 years as in-situ mea-
surement equipment for the energy of space plasma. Generally, a
RPA consists of three or four electrostatically-biased mesh grids,
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and a conductor placed behind the grids to be used as a detector
[26]. Only two mesh grids are needed in our design, which are the
entrance grid and the sweep grid respectively, as shown in Fig. 2.

The main function of RPA is to provide a uniform electric field,
and act on charged lunar dust particles. The first grid is connected
with the Chang’E-5 ground to eliminate the influence of the floating
potential of the lunar module; the second grid is connected with
a swept voltage, which could scan at zero volts, and increase with
preset steps to a high voltage. The distance between two grids is
12 mm in design, and also the diameter of mesh area is 12 mm.
Other information about the mesh size and structure is shown in
Fig. 3. Such mesh layouts has enough transmittance and obtain a
uniform parallel electric field. According to the calculation, the geo-
metric transmittance of the grid is 85.4 % as a uniform electric field
is generated in the central area of the grid. For example, when the
sweep voltage is +1.5 V, the electric field potential and intensity are
shown in Fig. 4. If we change the sweep voltage, we can find that
the results are similar for other sweep voltages.

2.3. SQCM

Quartz Crystal Microbalance (QCM) is usually used to moni-
tor the outgassing and degradation of molecular contamination in
most space applications [27], however, it is also used to measure
the mass of particles with a sticky film [28], as mentioned above.

In order to improve the adhesion between solid particles and
QCM electrode, a sticky film is coated on the surface of crystal.
Researchers in China had conducted a one-year survey with SQCM
for lunar dust detection at Chang’E-3 mission.

Chang’E-3 SQCM measuring instrument is located in the tem-
perature control module of the lander. The working temperature
of SQCM is about (- 10 ~ 60 °C) on the lunar surface, and it changes
slowly. This indicates that SQCM can be used to measure the accu-
mulated mass of lunar dust in the lunar environment.
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intensity of electric field in the middle is worked out at 127.12 V/m.

SQCM consists of gold electrodes (yellow), quartz crystal (white)
and sticky film (green). The sticky film is coated on the sensing
surface.

In Chang’E-5 DCLD, SQCM is located 10 mm below the barrier
grid, and 10 MHz quartz crystal sensor is used. The sticky film with
several microns thickis coated on the quartz crystal sensing surface,
and it is made of Apiezon-H vacuum grease, shown in Fig.5. Because
of the addition of sticky film and specific measuring object, the
sensitivity of SQCM needs to be recalibrated.

3. Methods of detection

Chang’E-5 DCLD consists of two probes with same structure.
Each probe has one set of RPA and SQCM. The difference is that there
is a certain voltage between the RPA-M grids in the measurement
probe, while the RPA-R grids are connected to the Landing Module
(LM) structure and it means that they are equipotential. (Shown in
Fig. 6)
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Fig. 5. Schematic diagram of SQCM structure.
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DCLD detector is composed of two probes, dust shield with con-
troller, power and control units. The dust shield could be opened
and closed by command, and it could protect the probes from
unexpected dust or harsh environments when the detector is not
working. The control unit is used to control the probes and collect
information.

According to previous theory and observation [29-31], there are
large amount of levitated dust over the moon surface. Generally,
those dust particles achieve a force balance under the action of
electrostatic force and gravitational force, which is like as:

QEm ~ mgm (1)

Where, Q is the charge of dust particle, E; is the electric field of
the moon surface, m is mass of dust particle, and g, is gravitational
acceleration of moon.

In these mechanical conditions, lunar dust particles move up and
down at a certain height on the surface of the moon with electric
field variation. We consider that it is possible if a particle above
the probe should fall into the opened orifices of the detector. Since
both the first grid and the second grid are structurally connected to
the lander, the electric field of the lunar surface is shielded. Once a
charged particle enters the reference probe, it will only be affected
by the gravity, and will pass through the grids of RPA and adhere
to the SQCM below. Therefore, the mass of all dust entered to the
reference probe will be monitored.

While if a charged dust particle enters the measuring probe, as
the Ey, is shielded, the dust particle will only be acted by the electric
field force between grids and the gravity of the moon. The forces
upon one dust particle (red one) is shown in Fig. 7.

This picture shows the working principle when a positive sweep
voltage applied for RPA-M. Some of dust particles (black dots) pos-
itive charged are blocked or pushed out of the measuring probe
when the dust cloud falling to the probes.

Supposed the sweep voltage is U;, then the electric field intensity
E;=U;/d, where d is the vertical spacing of the grids. If the particles

are positively charged, the charge is Q, when the Coulomb force
is greater than the gravity; the particles will be suppressed and
cannot reach the SQCM surface. For these particles,
QE; = mgp, (2)

It means if a particle with a charge to mass ratio % > d'U%, it
cannot be measured by SQCM. The E; in the probe can be changed
by adjusting the sweep voltage U;, so that we can change the range
of charge/mass ratio of suppressed dust. In this situation, the mea-
sured results of two SQCMs are not same in a same period of time.
The mass difference between SQCM-R and SQCM-M, Am is con-
sidered to be the mass of dust which has a higher charge to mass
ratio than %. As the relation of the charge/mass ratio and sweep
voltage of the probe, the trends of the Q/m ratio with U; has been
drawn in Fig. 8.

As an example, assuming Ug and U;g are two steps of sweep
voltage, the proportion of charged dust which satisfied % > 48

Ug
Amg

can be calculated by My 100%; the proportion of charged dust

which satisfied dﬁ% > 9> dij% can be calculated by
100%. The procedure of data processing is shown in Fig. 9.

The raw data of the detector is frequency of SQCM. The mass
of deposited dust can be calculated from the frequency and the
Sauerbrey function. myq is the total mass of the dust deposited on
the reference probe.

Amg—Amqg «
mg

4. Results and discussion

Because it is difficult to simulate the exactly same lunar dust
environment on the ground, especially the lunar gravity and the
real lunar dust particles, so it is impossible to carry out a complete
simulation and verification experiment. However, we can test the
sensitivity of SQCM and the blocking effect of RPA grid to show the
effectiveness of the design.
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Fig. 8. The range of suppressed dust’s Q/m with different voltage of the m-probe.
Blue line describes the trend under Earth’s gravity and the red line indicates the
trend under the moon’s gravity.

4.1. Sensitivity of SQCMs

The sensitivity coefficient of a QCM is related to the natural
property of crystal when it is used to measure the molecular con-
tamination. But we found that the sensitivity coefficient of quartz
crystal coated with sticky film will change. The sensitivity coeffi-
cient of 10 MHz uncoated quartz crystal microbalance is 4.42 x
10-9 g/Hz-cm?, but the addition of sticky film changes the vibra-
tion characteristics of crystal and the specific measuring object,
solid particles which is very different with the molecules, so it is
necessary to be calibrated for the sensitivity coefficient.

In the calibration test, we used the simulated lunar dust particles
CLDS-1 for the experiment. CLDS-1 lunar dust simulant was devel-
oped by Institute of Geochemistry, Chinese Academy of Sciences.
The size distribution and mineral and chemical composition of
CLDS-1 particles can be briefly sketched that, D199<20 wm, Dg5<2.5
pm, D5p<0.3 m, the glasses content 55 % and the main element
of chemical composition is close to lunar dust [32].

In addition, we found that the no-load frequency stability and
the measuring ability of SQCM have better performance, when
SQCM is used in vacuum than that in air. In order to obtain the
data more suitable for its working scene, the calibration experiment
should be carried out in vacuum.

Through a set of dust strewing machine placed in the vacuum
chamber (the working pressure <7 x 10~3Pa), the dust simulants
can be relatively evenly dropped into the DCLD. Four dust collector
plates were placed around the probe and reference probe, as shown
in Fig.10. Before and after each experiment, a high-precision Elec-
tronic Balance (METTLER-TOLEDO XP2U, 0.1 g) was used to weigh
the mass of the collector plates, and then the surface density of dust
at four plates were obtained. The mass on the SQCM was calculated
by averaging over the deposition mass on the four plates. The rea-
son for this treatment is to minimize the error caused by uneven
distributed dust strewing.

On the basis of same procedures, the sticky film must be coated
again to make sure a new state of SQCM before each test. After
dozens of tests, we obtained a series of data of frequency shift and
area density of dust mass. The calibration data and fitting curve of
the sensitivity coefficient of the measuring and reference crystal
are shown in Fig.11. It can be seen that the SQCM of the measure-
ment and reference probe shows a fairly good linear relationship,
although some of data seems a little dispersed that probably caused
by kinds of experiment errors. With the help of data analysis tools,
we carried on the linear fitting to those data, and then determined
the relevant parameters. The sensitivity coefficient of measuring
probe is Sy=(8.002 + 0.510)x10~2g/Hz-cm?2, and that of reference
probe is Sg=(9.137 + 0.369)x 109 g/Hz.cm?. Through the test, we
can also estimate the linear measurement range of the probes con-
servatively. In general, 30 kHz is considered the maximum linear
frequency shift, and 1 Hz is the minimum measurable frequency,
so that, the measurable range of QCM-R is about 9.1 ng/cm2~0.27
mg/cm? and the range of QCM-M is about 8.0 ng/cm?~0.24 mg/cm?.

4.2. Inhibition of charged particles by RPA

The experiment was designed to verify the inhibitory effect of
RPA on lunar dust particles.

4.2.1. Acquisition of charged particles

It is a common method to make particles charged by friction
with different materials. It is pointed out in reference [33], that the
total charge per mass value of JSC-1A under high vacuum (10~
Torr (1073Pa)) can reach 629 + 58 nC/g. It was found also in our
experiments that, after a same treatment, the dust particles would
always have a certain range of charge to mass ratio.

In this experiment, we used CLDS-1 lunar dust simulant also, and
the dust should be stored at 130 °C for 3 h before they were put in
to the dust strewing equipment. The dust strewing equipment is
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mainly made of stainless steel, as shown in Fig. 12. The stainless
steel brush and mesh will rub against the dust particles adequately
when the stewing device is working. Since the work function of the
lunar dust simulant is higher than that of the stainless steel, the
particles will be negatively charged after they scattered from the
device.

The dust strewing equipment is composed of a rotating motor, a
steel brush, and a steel mesh. The lunar dust simulant put into the
equipment could be stirred by the brush and strew out through the
steel mesh. Lunar dust particles would be charged in this process,
and then they fall down and measured by Faraday Cup. All of the
process should be finished in vacuum.

In a vacuum chamber (10~3Pa), we use a Faraday Cup, as
shown in Fig.12, and a Keithley 6517B Electrometer/High Resis-
tance Meter, of which charge measurements from 10 fC to 2.1 p.C,
to measure the accumulated charge of lunar dust simulant. The col-
lected mass of dust in Faraday Cup was also weighted by Electronic
Balance, and then the Q/m can be calculated. The charge mass ratio
of lunar dust simulant was measured for several tests. As shown
in Fig.13 below, the average charge mass ratio is about (6.01 +
0.91)x1074C/kg. The value is very near with the reported value of
the reference [33].

Note: We omitted the negative sign when describing the
charged quantity of lunar dust simulant particles in the experiment.
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4.2.2. Testing and verifying

In order to verify the blocking effect of the grid on the charged
dust particles, the particles were charged with the treatment above,
and then dropped to DCLD through the dust strewing device in
vacuum chamber. The sweep voltage of RPA-M was set different
steps from 0 V to -500 V, and the results of SQCM measurement
were compared with those without bias voltage.

When the sweep voltage of RPA-M was set at 0 V, it means the
measuring probe and the reference probe were exactly the same.
We had repeated for many times of this test, and the difference of
mass between SQCM-M and SQCM-R are shown in Fig. 14.

It can be seen from Fig. 14 that the mass measured by the mea-
surement and the reference value are almost equal, when the grid
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voltage of RPA-M is set to zero. In the ideal case, the SQCM-M
value subtract SQCM-R value should be equal to 0. However, due
to the non-uniformity of the dust distribution, there is a deviation
between them. According to the experimental results, the aver-
age value of all tests is 28.3 ng/cm?2, which close to zero, and the
standard deviation is 255.7 ng/cm?.

When we try to change the sweep voltage of RPA-M, with differ-
ential step length increasing from 0 V to -500 V, we find the mass
measured by SQCM-M became more less than that of SQCM-R. In
order to obtain the trend of mass change via sweep voltage, we
calculate the relative mass change with the relation below,

_ Myef — Mmea

Rm = x 100% 3
= 3)
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Fig. 15. Relative mass changes with different sweep voltage.

where Ry, is relative mass change, m,; is mass on reference probe,
Mmeq 1S Mass on measuring probe. The experiment data is shown
in Fig. 15

Fig.15 shows the relative mass change between the measured
value and the referenced value with increasing of sweep voltage.
Compared with the test results with the sweep voltage 0 V (Fig.14),
we could find an obvious trend, that is, after the sweep voltage
exerted on the measuring probe, the dust mass measured by the
measuring probe is significantly reduced compared with the refer-
ence probe. Because there are many uncertain factors affecting the
measurement, such as the non-uniformity error of dust strewing
device, the charge instability error of lunar dust simulants, and the
measurement error of SQCM, and the data fluctuate quite greatly.
However, through the data, we can still see that with the increase
of the sweep voltage in the range of 0 V ~-200 V, the proportion of
the suppressed particles increases. According to a rough data anal-
yses, when the voltage scanning from 0 V to -100 V, the proportion
of dust suppressed increases rapidly; when the sweeping voltage
reaches -200 V, about 50 % of the dust is suppressed, and then the
inhibition growth rate become flatter.

The average charge to mass ratio of lunar dust simulants is (6.01
+0.91)x10~* C/kg. It means there should be lots of the dust parti-
cles are in accord with this value. According to the theory analysis
above, the voltage required to suppress most of the lunar dust sim-
ulants particles is as follows:

U = d%e — 196V (4)

m

It quite fits the experimental results.

Therefore, it is reasonable for us to consider that the DCLD has
the functions to measure the charged characteristics of lunar dust,
and obtain a distribution of charge to mass ratio.

4.3. Working at lunar surface

According to the theory of lunar dust charging [34-37], assum-
ing that the dust particles are spheres, the electric charge of lunar
dust under vacuum can be estimated by:

Q = 4meorgPy (5)

Where @, is the charged potential of isolated particles, ry; is the
radius of particles, and if the density of lunar dust is p the mass of
dust

4
m= §71r3,o (6)

Therefore, the charge mass ratio of a single lunar dust is

g _ 47T8ord¢d _ 3¢d80 (7)

= drrio e
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Table 1
Technical specifications of the DCLD.

Parameters Specifications

Su = (8.002 +0.510) x 102
Sk =(9.137 £ 0.369) x 109

Sensitivity of SQCM, g/
Hz.cm?

Measurement range of QCM-R: ~0.27
SQCM, mg/cm? QCM-M: ~0.24
Sweep voltage of RPA-M, V —500~+500
Working temperature, °C —20~+50

Size, mm? 112 x 74 x 69
Weight, kg <0.370

Power, W <3

Assume p = 3000 kg/m3, gg = 8.85 x 10~ 12F/m [38], then

N Py(V)

% (C/kg) =8.85x 107> > (8)

T'a

Therefore, when the surface potential of the moon is constant,
the charge mass ratio is proportional to 1/r42.

As aresult, when the RPA-M is working, the particles with small
particle size are easier to be blocked because of the higher charge
mass ratio. Since the acceleration of gravity on the moon is one sixth
of that of the earth, the suppression voltage required on the moon
to hold back the particles with the same charge mass ratio is 1/6 of
that of the earth, as shown in Fig. 9. We have verified the inhibitory
effect of RPA-M in the ground test. It is reasonable to consider that
the inhibition effect of RPA-M is more obvious on the moon.

There are many errors in analog experiment on the earth, such as
the non-uniformity error of dust deposition and the charging insta-
bility error of lunar dust simulant, that are difficult to overcome in
the laboratory on earth. However, in lunar natural environment,
the deposition uniformity and charge stability of lunar dust will
be greatly improved. Therefore, the DCLD could performance more
stable.

5. Conclusions

In this paper we introduced the main components of DCLD, the
measuring principle and the experimental results. We determined
the sensitivity of SQCM and verified the blocking effect of RPA grid.
To sum up the main characteristic parameters of DCLD, we list them
in the following table (See Table 1).

In addition, if only the reference probe be used, it is a mass
detector which could measure solid micro particles with a high
sensitivity of ng/cm2. We can get the information of lunar dust
deposition mass if it used on the surface of moon. If we combine the
measurement probe data, we can obtain the proportion distribution
of dust with different charge mass ratio.

Therefore, compared Faraday Cup and ELDA method, we con-
sider that DCLD is a compact device, which can not only measure
the accumulated mass of lunar dust in situ, but also measure the
charged characteristic of lunar dust in situ.

Using this detector will supplement people’s understanding
of the characteristics of lunar dust. After some corresponding
improvement accomplished, this method could also be applied to
the measuring of charged dust on the earth and Mars.
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